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INTRODUCTION 
Numerical modeling of ultrasonic wave propagation and scattering is 
receiving increased attention due to the growth in computer power and the 
concomitant ability to deal with realistic ultrasound/defect 
interactions. 
Most of the numerical approaches used to solve the elastic wave 
equation in the time domain are based on finite difference schemes [1), 
[2]. The more powerful finite element method, although successfully 
applied to the modeling of magnetic leakage field [3] and harmonic [4] as 
well as pulsed [5) eddy current NDT studies, seems to suffer from the 
hyperbolic nature of the underlying equations. The combination of dense 
spatial and temporal resolution requires especially large scale 
computational efforts. To eliminate stability and accuracy problems 
associated with explicit time integration for realistic, pulsed 
ultrasonic transducer signals, it was necessary to implement implicit 
time integration schemes. 
As a first step towards the practical application of the finite 
element method a transient bar analysis case was considered [6]. The 
purpose of this paper is to extend the formulation to pulsed wave 
propagation. 
The following sections briefly review the finite element formulation 
and compare the numerical wave predictions to practical A-scan 
measurements on an aluminum block. A discussion of computer requirements 
reveals the substantial CPU-time savings which can be achieved by todays 
supercomputers such as the CYBER 205. 
Finite Element Formulation 
The starting point of the finite element method is the 2-D elastic 
wave equation for a homogeneous perfectly elastic isotropic solid in 
rectangular coordinates: 
a~ a~ a~ a~ 
v2 _.x + v2 _.x + <v2-v2> ~ - __ x 
L ax2 s a~ L s axay - at2 
(la) 
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where 
v2=(A+2~)/p and v2=~/p are the longitudinal and shear velocities r~spectively. Th~ Neumann type boundary conditions are specified as 
follows: 
T x/P v2 
aux ~ T yx/p s < ay + ax > 
T yyfP 
2~ + (V2-2V2) aux VL ay L s ax 
(lb) 
(2a) 
(2b) 
(2c) 
Instead of solving (1) directly, an indirect procedure which minimizes 
the total energy in the solid was chosen [6]. 
The resulting matrix equation can then be expressed as a simple 
mass-spring system 
[K){u} + [M){u} = {F} (3) 
with [K] and [M] being the stiffness-and mass matrix respectively. {F} 
is the external driving force acting on the surface. 
In order to obtain an explicit displacement expression of {u}, eqn. 
(3) has to be integrated twice. Tests with different integration schemes 
indicate that the implicit Newmark integration is the best choice both in 
terms of accuracy and minimal numbers of timesteps. 
The transducer pulse can either be modeled as an initial 
displacement variation on the surface (F is set to zero) or the force F 
is varied with {u} initially set to zero. In the present model the 
former technique was chosen. 
Pulsed Wave Applications 
As a first test to compare the finite element predictions with 
practical measurements a simple pitch-catch experiment (Figure 1) was 
conducted. Both transmitter and receiver have a center frequency of 1MHz 
and an aperture of 1/2 inch. The aluminum specimen is dimensioned 2 
inches in width by 1.5 inches in length. The measured signals are shown 
in Figure 2. As can be seen in Figure 2b and 2c in addition to the 
longitudinal wave a strong shear wave signal is observed approximately 
1/4 inch above and 1/4 inch below the centerline. These signal forms are 
also the inverse of each other. 
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Fig. 1. Experimental set-up. 
Fig. 2. Experimental ultrasonic signals measured a) along centerline, 
b) 1/4 '' above centerline, c) 1/4 '' below centerline. 
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To model this situation the aluminum block was discretized into 1440 
second order triangular elements with a total n~~er of nodes of 2993. 
The time quantization was selected to be 20 x 10 seconds. Therefore, a 
total of 700 time increments was necessary for a longitudinal pulse to 
propagate from the transducer to the back wall of the aluminum block and 
return. Since the finite element code calculates the x- and y-
displacement for each of the 2993 nodes at every time increment in the 
solution domain, data display can be reduced considerably. Figure 3 
shows 75 nodes along the centerline of the aluminum block. As expected 
the nodal points produce a delayed displacement response as the pulsed 
wave propagates into the specimen. Once the pulse has reached the back 
it is reflected with a negative reflection coefficient and travels 
towards the front of the block. Although only the x-displacement is 
shown, a secondary wave traveling at about half the longitudinal speed is 
clearly visible. The main advantage of Figure 3 lies in the fact that a 
common A-scan prediction (Figure 4) can be obtained by simply displaying 
only one node at the front of the block in Figure 3. 
0. 
"" 
+1"r==J 
Tc=J'L, 
-t•-1 I 
0 Ul" 
Fig. 3. Finite Element predictions for ux displacements along 
centerline. 
Fig. 4. 
A-scan prediction based 
on one nodal displacement 
display in Fig. 3. 
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Besides the nodal display along the centerline, Figures S and 6 show 
the y- displacement field 1/4 inch above and 1/4 inch below the 
centerline respectively. It now becomes quite evident that a mode 
converted shear wave is generated immediately at the front surface. 
Another shear wave results as soon as the L-wave pulse is reflected from 
the back wall. Based on these predictions the lattice diagram of Figure 
7 can be constructed. 
In order to investigate the resulting beamspread the nodes are 
displayed vertically at different times (Figure 8). 
Fig. 5. 
y-displacement field 1/4 '' 
above centerline. 
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Fig. 6. y-displacement field 1/4" below centerline. 
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Fig. 7. Lattice diagram for pulsed wave propagation. 
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Fig. 8. Beam spread of ux displacement at t 1=~s,t2=2~s,t3=3~s,etc. 
Computer Resources 
The computer-time requirements for two different computer systems 
are illustrated in Table 1. The results in this paper utilize mesh size 
3 with 1440 elements and 2993 nodes or, because each node can be 
displaced in the x- and y-direction, 5986 degrees of freedom. The table 
clearly indicates that a vector computer such as the CYBER 205 becomes 
more economical as the problem size increases [7]. 
Tab. 1. CPU requirements for a 600 time iteration finite element 
analysis. 
Tveical CPU-Times 
IIESHS1ZE 1 : 208 olomonto. 477 nodoo (954 dol) 
IIESHS1ZE 2 : 824 olomonto. 1325 nodoo {2850 dol) 
IIESHSIZE J : 1440 olomonto. 2993 nodoo (5986 dol) 
IIESHS1ZE 4 :2100 olomonto. 4335 nodoo (8670 dol) 
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Conclusions 
It has been shown that finite element analysis techniques can be 
employed for pulsed wave propagation studies. Mode conversion as well as 
beam spread are predicted correctly. Furthermore an attempt has been 
made to include realistic transducer A-scan signals. Although further 
research is required to study realistic NDT ultrasound/defect 
interactions the finite element code already exhibits great potential for 
successfully solving these problems. 
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DISCUSSION 
Chairman Bahr: This paper is open to discussion. 
From the floor: You say you have no time variation in your boundary con-
ditions. How did you introduce the wave form into your mesh? I 
guess I missed that. 
Mr. Ludwig: Well, we specify in the one case the Dirichlet type of boun-
dary conditions, and then you can put in your displacements, but the 
problem is that once you have introduced your displacement, what you 
want to do is to go back to stress-free boundary conditions because 
if the wave comes back, it should interact from the boundary. You see? 
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From the floor: Yes. 
Mr. Ludwig: Let me show you, for instance, this one picture (Fig. 3) which 
indicates quite clearly what I mean by that. 
From the floor: In understand that part. The question is how did you 
introduce the wave initially? Did you just wire in the displacements 
in the mesh? 
Mr. Ludwig: Yes. 
From the floor: And you said the finite elements had an advantage over 
finite difference in 3-D? What was that? 
Mr. Ludwig: I feel it's easier to extend the finite element formulation 
to 3-D than it is in terms of finite differences. 
From the floor: You can't give a reason? It's just your feeling? 
Mr. Ludwig: Well, I've worked with finite differences and finite elements, 
and if I look at the formulation part, I think it's easier, because 
also, if you consider the discretization--for instance, in our case, 
we need to have only 3,000 nodes as a spatial resolution, and if you 
look at certain other codes which need about a million other nodes, 
up to a million nodes, the extension from 2-D to 3-D takes fewer 
elements and fewer nodes. That's one of the points. 
From the floor: I was impressed that you were using 4 nodes per wavelength 
in 1-dimension. That was good. 
Mr. Ludwig: Again, I'm not quite sure if this works for all situations, 
but this was just a start. 
Mr. Jerome M. Klosner (Polytechnic Institute of New York): You took a 
rather simple case, of course, because you had to start somewhere, 
but I was wondering, in a realistic case where you have to use dif-
ferent sizes of your elements, have you given much consideration to 
the difficulties you might have at interfaces between the different 
sizes where indeed you can get energy trap but you don't want trap? 
Numerical errors, in other words, that would come up, and indeed that's 
a great problem that you will meet up with. 
Mr. Ludwig: Yes. I hope we can address this issue in the near future. 
I haven't looked at it yet. 
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